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Abstract 

H2  production  over  dye-sensitized  Pt/Ti02  nanoparticles  with  mesostructures  (m-Ti02)  under  visible  light  (X  >  420  nm)  was  investigated  by 
using  methanol  as  electron  donors.  Experimental  results  indicate  that  three  types  of  ruthenium(II)  bipyridyl  complex  dyes  (one  binuclear  Ru,  two 
mononuclear  Ru),  which  can  be  attached  to  Pt/m-TiCb  with  different  linkage  modes,  show  different  photo  sensitization  effects  due  to  their  different 
coordination  circumstances  and  physicochemical  properties.  The  dye  tightly  linked  with  m-Ti02  has  better  durability  but  the  lowest  H2  evolution 
efficiency,  whereas  the  loosely  attached  dyes  possess  higher  H2  evolution  efficiency  and  preferable  durability.  It  seems  that  the  dynamic  equilibrium 
between  the  linkage  of  the  ground  state  dye  with  Ti02  and  the  divorce  of  the  oxidization  state  dye  from  the  surfaces  plays  a  crucial  role  in  the 
photochemical  behavior  during  the  photocatalyst  sensitization  process.  It  is  helpful  to  improve  the  H2  evolution  efficiency  by  enhancing  the  electron 
injection  and  hindering  the  backward  transfer.  The  binuclear  Ru(II)  dye  shows  a  better  photo  sensitization  in  comparison  with  mononuclear  Ru(II) 
dyes  due  to  its  large  molecular  area,  conjugation  system,  and  “antenna  effect”,  which,  in  turn,  improve  the  visible  light  harvesting  and  electron 
transfer  between  the  dye  molecules  and  Ti02. 

©  2008  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

A  great  number  of  attempts  on  photocatalytic  splitting  water 
into  H2  and/or  O2  by  semiconductors  (e.g.  EO2  and  CdS)  have 
been  made  with  a  view  to  constructing  solar  energy  conversion 
system  to  H2  fuel  from  water,  which  is  a  clean  chemical  energy 
[1-5].  As  a  widely  applied  photocatalyst,  EO2  absorbs  only  UV 
light  with  low  quantum  efficiency  due  to  its  wide  energy  gap  ( ca . 
3.2  eV).  The  development  of  photocatalyst  that  can  effectively 
harvest  the  visible  light  in  the  sunlight  is  indispensable  for  the 
photocatalytic  H2  production.  An  important  way  to  improve  the 
photocatalytic  efficiency  of  EO2  is  coupling  with  other  semicon¬ 
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ductor  with  narrow  energy  gap  (e.g.  CdS  and  WO3),  and  doping 
some  elements  (metal  and/or  nonmetal)  into  TiC>2.  However,  a 
reliable  and  reproducible  photocatalyst  of  this  type  has  seldom 
been  established  up  till  now  [6] . 

As  a  strategy  for  the  effective  absorption  of  visible  light, 
photosensitization  of  EO2  photoelectrode  with  adsorbed  dye 
has  been  studied  extensively  in  the  dye-sensitized  nanocrys¬ 
talline  solar  cells  (DSSCs),  in  which  dye  molecules  acted  like 
chlorophyll  to  collect  energy  and  then  transported  it  to  the  semi¬ 
conductor  [7].  Based  on  a  similar  consideration,  a  promising 
system  for  H2  production  is  the  photosensitized  reduction  of 
water  over  the  dye- sensitized  semiconductor.  This  photocat¬ 
alytic  H2  production  from  photocatalyst  aqueous  suspension 
is  carried  out  in  the  presence  of  a  photo  sensitizer  (dye)  and  a 
sacrificial  electron  donor  (e.g.  ethylenediaminetetraacetic  acid 
(EDTA),  HI  or  triethanolamine  (TEOA)  [8-13])  or  nonsac- 
rificial  electron  donor  (e.g.  I03-/I-  or  l\~  shuttle  redox 
mediator  [14-16]).  However,  the  electron  transfer  mechanism 
of  the  dye  molecules  in  above  suspension  for  the  H2  pro- 
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duction  is  different  from  that  in  the  DSSCs  [9-16].  Up  till 
now,  xanthene  dyes  (e.g.  eosine  bluish,  uranine,  rhodamine 
B,  erythrosine,  rose  Bengal,  eosin  Y)  [12,13],  coumarin  [17] 
and  merocyanine  dye  [17,18]  have  been  used  as  sensitizer  of 
Ti02  for  the  photocatalytic  H2  evolution.  Some  Ru(II)  bipyridyl 
dyes  (e.g.  cA-Ru(dcbpy)2(SCN)2  (N3  dye)  [14],  Ru(bpy)3Cl2 
[11],  and  Ru(dcbpy)3Cl2  [15,16]),  which  were  applied  in  the 
DSSCs,  have  also  been  used  as  sensitizer  of  semiconductor 
with  wide  energy  gap  for  the  H2  production  from  a  suspension 
system. 

Most  of  those  dye  molecules  have  no  ability  to  oxidize  water 
to  O2  and  consequently  are  decomposed  under  irradiation  in  the 
absence  of  a  sacrificial  electron  donor,  since  O2  evolution  from 
water,  which  requires  abstraction  of  four  electrons,  is  much  more 
difficult  than  the  kinetically  simpler  process  of  the  H2  evolution 
[8-13,19] .  The  inability  to  produce  O2  over  sensitizer  molecules 
has  prevented  the  construction  of  dye-sensitized  photocatalysts 
for  photo  splitting  water  into  H2  and  O2.  Moreover,  the  firmly 
bound  dye  like  N3  can  be  stabilized  near  the  TiC>2  surfaces 
through  its  carboxyl  groups,  but  the  injected  electrons  in  the 
conduction  bands  of  Ti O2  also  possibly  transfer  backward  to  the 
oxidized  dye  molecules  [14-16],  which  results  in  the  decrease  of 
H2  evolution.  Whereas  it  was  probable  that  the  thermal  reorienta- 
tional  motion  of  the  loosely  attached  dye  molecules  enhanced  the 
electron  transfer  as  reported  by  Kajiwara  et  al.  [1 1] .  Therefore,  it 
is  still  necessary  to  seek  new,  effective  sensitizer  for  the  H2  pro¬ 
duction  over  semiconductor.  To  the  best  of  our  knowledge,  there 
are  still  seldom  investigations  focused  on  the  photosensitization 
of  Ru(II)  bipyridyl  dyes  attached  to  semiconductor  with  different 
linkage  modes  on  the  H2  production  [11,15,16],  especially  for 
the  polynuclear  Ru  complex  with  “antenna  effect”,  although  trin- 
uclear  complexes  such  as  [Ru(bpy)2(CN)2]2Ru(dcbpy)2  have 
been  used  as  antenna- sensitizer  in  the  DSSCs  [7]. 

Titania  (m-Ti02)  nanoparticles  with  mesostructures  have 
been  fabricated  and  shown  much  better  photoactivity  than  that 
of  the  commercial  photocatalyst  P25  (TiC>2,  Degussa,  Germany) 
due  to  its  high  specific  surface  area  and  well-crystallized  meso- 
porous  wall  as  shown  in  our  previous  publications  [20,21]. 
Recent  results  indicated  that  the  as-synthesized  m-TiC>2  with 
smaller  crystallite  size  (2.3  nm)  dispersed  among  the  amorphous 
mesoporous  domains  showed  the  best  photoactivity  for  the  H2 
production  among  the  various  calcined  m-TiC>2,  which  pos¬ 
sess  much  higher  crystallinity  than  the  as-synthesized  one  [22]. 
Herein,  the  effect  of  hydrothermal  temperature  for  the  prepa¬ 
ration  of  m-TiC>2  on  the  photocatalytic  H2  evolution  under  UV 
irradiation  was  investigated  in  detail,  in  order  to  further  make 
it  clear  whether  the  amorphous  domain  is  more  beneficial  for 
the  H2  evolution.  And  the  photosensitization  of  three  types  of 
Ru(II)  bipyridyl  dyes  (Ru2(bpy)4Li-PF6,  Ru(bpy)2(him)2-N03 


and  (ft-Bu4N)2-cA-Ru(dcbpy)2(SCN)2),  which  can  be  attached 
to  m-TiC>2  through  different  linkage  modes,  were  comparatively 
investigated.  The  effect  of  calcination  temperature  on  the  photo¬ 
catalytic  H2  evolution  efficiency  over  the  Pt/m-Ti02  sensitized 
with  different  dyes  was  also  studied. 

2.  Experimental 

2.7.  Materials 

H2PtCl6*6H20  was  obtained  from  a  commercial  source 
and  used  without  further  purification.  The  m-TiC>2  nanoparti¬ 
cles  were  prepared  under  different  hydrothermal  temperatures 
according  to  our  previous  publications  [20,21].  The  proper¬ 
ties  of  the  as- synthesized  m-TiC>2  nanoparticles  derived  from 
hydrothermal  treatment  at  100  °C  and  its  calcined  products  are 
listed  in  Table  1. 

N719  [(^-Bu4N)2-cA-Ru(dcbpy)2(SCN)2],  one  of  the  best 
sensitizer  for  the  DSSCs  with  the  same  structure  as  N3 
dye  [cA-Ru(dcbpy)2(SCN)2]  [14],  was  purchased  from  Sola- 
ronix  Co.  and  used  as  reference  substance  because  it  can 
be  tightly  bound  to  m-Ti02  through  its  carboxyl  group 
[7,14-16].  Ru(bpy)2(him)2-N03  and  Ru2(bpy)4Li-PF6  were 
prepared  by  ourselves  according  to  the  previous  literatures 
[23,24].  The  two  complexes  do  not  have  terminal  group 
which  can  form  tight  linkage  with  semiconductor  as  N719 
[11].  Among  these,  dcbpy  =  2,2/-bipyridyl-4,4/-dicarboxylic 
acid,  bpy  =  2, 2' -bipyridine,  L  =  p,-4,4/-azo-benzene  carboxylic 
acid,  him  =  imidazole.  The  prepared  samples  were  studied  by 
using  UV-vis  spectrophotometer  (Shimadzu,  UV-2556).  Fig.  1 
gives  the  molecular  structures  of  above  three  Ru(II)  bipyridyl 
dyes. 

2.2.  Preparation  process 

Pt/m-TiC>2  photocatalysts  were  prepared  through  a  photode¬ 
position  procedure  as  follows.  0.01  g  H2PtCl6*6H20  and  0.38  g 
m-Ti02  nanopowders  were  added  into  175  ml  of  2.0  M  Na2CC>3 
aqueous  solution  in  the  photoreaction  cell  (Pyrex  glass)  in 
sequence.  And  then  this  mixture  was  irradiated  by  a  500  W 
high-pressure  Hg  lamp  for  5  h  under  stirring.  During  UV  irra¬ 
diation,  H2PtCl6  was  photoreduced  to  form  highly  dispersed  Pt 
particles  on  the  m-TiC>2  nanoparticles.  The  sample  was  sepa¬ 
rated  by  centrifugation  and  washed  with  water,  and  then  dried 
at  120  °C  overnight  to  obtain  1.0wt.%  Pt/m-Ti02  nanoparti¬ 
cles.  The  obtained  Pt/m-TiC>2  nanoparticles  were  immersed  in 
1  x  10-4M  dye  aqueous  solution  for  72  h  in  dark  room,  then 
filtrated  and  washed  with  water  several  times,  dried  at  80  °C  for 
12  h  to  obtain  the  dye- sensitized  Pt/m-Ti02. 


Table  1 

Summary  of  the  physicochemical  properties  of  the  m-TiC>2  nanoparticles  [21] 

Calcination  temperatures  (°C)  Crystal  size  (nm)  Sbet  (m2  g_1 )  Mean  pore  size  (nm)  Total  volume  (cm3  g_l ) 

As-synthesized  2.3  438.3  2.1  0.56 

300  2.9  330.5  2.3  0.59 

500  4.1  232.7  2.5  0.53 
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Ru(dcbpy)2(NCS)2(N719)  Ru(bpy)2(him)2-N03 


Fig.  1,  Molecular  structures  of  the  three  ruthenium(II)  bipyridyl  complex  dyes. 

2.3.  Photocatalytic  process 

The  H2  production  reactions  were  carried  out  in  an  outer 
irradiation-type  photoreactor  (Pyrex  glass)  connected  to  a  closed 
gas-circulation  system.  A  250  W  Xe  lamp  (Beijing  Trusttech  Co. 
Ltd.,  Beijing,  China)  was  afforded  as  light  source,  which  was  col¬ 
limated  and  focalized  into  5  cm2  parallel  faculae,  then  translated 
into  uprightness  light  by  a  viewfinder.  A  cutoff  filter  (Kenko, 
L-42;  X  >420nm)  was  employed  to  obtain  visible  light  irradia¬ 
tion.  The  reaction  was  performed  in  distilled  water  (80  ml)  and 
methanol  (20  ml)  solution  containing  the  dye- sensitized  Pt/m- 
TiC>2  (40  mg),  then  the  suspension  was  thoroughly  degassed  to 
remove  air,  and  the  reactor  was  irradiated  from  the  top  with 
the  visible  light  (A>420nm).  Rate  of  H2  evolution  was  ana¬ 
lyzed  with  an  online  gas  chromatograph  (GC,  SP-6800A,  TCD 
detector,  5  A  molecular  sieve  columns  and  Ar  carrier). 

3.  Results  and  discussion 

3.1.  Optimization  of  the  hydrothermal  temperature 

Our  previous  results  indicated  that  the  as- synthesized  Pt/m- 
Ti02  nanoparticles,  which  has  large  specific  surface  area 
(438  m2  g-1)  and  semicrystallite  (2.3  nm)  within  the  amorphous 
mesoporous  domains  (particle  size,  ca.  20  nm)  [20,21],  showed 
the  best  photocatalytic  activity  for  the  H2  production  under 
UV  irradiation  among  the  products  calcined  at  elevated  tem¬ 
peratures,  and  this  photoactivity  decreased  with  enhancing  the 
calcination  temperature  [22].  In  other  words,  the  as- synthesized 
m-Ti02  with  a  lower  crystallinity  possesses  a  better  H2  evolution 
efficiency  than  the  calcined  products  with  a  higher  crystallinity. 
It  is  clearly  different  from  the  previous  reports  [25-27].  To 
further  confirm  whether  the  amorphous  mesoporous  domain 


Fig.  2.  XRD  patterns  of  the  m-TiC>2  derived  from  different  hydrothermal  tem¬ 
peratures:  (a)  60  °C,  (b)  100  °C,  and  (c)  200  °C. 


is  more  beneficial  for  the  photocatalytic  H2  evolution,  three 
types  of  m-Ti02  nanoparticles  were  synthesized  from  different 
hydrothermal  temperatures  according  to  our  previous  publica¬ 
tion  [20].  Fig.  2  depicts  the  XRD  patterns  of  the  as-synthesized 
samples  derived  from  hydrothermal  treatment  at  60,  100  and 
200  °C,  respectively.  As  can  be  seen,  the  diffraction  peaks 
of  anatase  become  stronger  and  sharper  upon  enhancing  the 
hydrothermal  temperature,  indicating  the  improved  crystallinity 
of  the  as-synthesized  m-Ti02  after  an  ion-exchange  process  and 
drying  at  80  °C. 

Table  2  shows  the  photocatalytic  H2  evolution  rates  over  the 
as-synthesized  Pt/m-TiC>2  derived  from  different  hydrothermal 
temperature  under  UV  irradiation  (Hg  lamp  as  light  source) 
as  described  previously  [22].  From  Table  2,  the  H2  evolu¬ 
tion  rate  increases  from  3511  to  9112  panolg-1  h-1  when  the 
hydrothermal  temperature  is  enhanced  from  60  to  100  °C  and 
then  decreases  to  5346  pumolg-1  h-1  upon  further  enhancing  it 
to  200  °C.  The  m-TiC>2  derived  from  100  °C  shows  the  highest 
H2  evolution  rate  among  the  three  products,  whereas  the  sample 
derived  from  200  °C  with  a  higher  crystallinity  shows  a  lower 
H2  evolution  rate  than  that  derived  from  100  °C.  These  results 
indicate  that  more  amorphous  domains  are  not  beneficial  for  the 
improvement  of  the  photocatalytic  H2  evolution.  Namely,  the 
high  surface  area  and  the  semicrystallite  within  the  mesoporous 
walls  play  important  roles  in  the  H2  evolution  as  described  before 
[22] .  The  exact  reason  for  this  observation  is  still  unclear,  which 
should  be  further  investigated. 


Table  2 


Photocatalytic  H2  production  over  the  as-synthesized  Pt/m-TiC>2  derived  from 
different  hydrothermal  temperatures  under  UV  irradiation 


Hydrothermal  temperature  (°C) 

Rate  of  H2  production  (|xmolg  lh  *) 

60 

3511 

100 

9112 

200 

5346 

Conditions:  catalyst  amount  40  mg  1 .0  wt.%  Pt/ra-TiC>2,  methanol  amount  30  ml, 
light  source  500  W  Hg  lamp,  and  irradiation  time  150  min. 
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On  the  basis  of  the  previous  investigations,  however,  we  can 
give  some  general  assumptions  to  explain  the  above  experi¬ 
mental  results.  It  is  well  known  that  the  particle  size,  specific 
surface  area,  porosity,  crystallinity  and  crystal  phase  of  T1O2 
play  important  roles  in  its  photoactivity.  Most  of  the  reports 
indicated  that  the  transfer  time  of  the  photogenerated  carriers 
to  the  surface  of  Ti02  was  proportionate  to  the  dimension  of 
the  crystallite  size  [20,28].  Therefore,  the  smaller  the  crystal¬ 
lite  size  of  photocatalyst  is,  the  more  photogenerated  electrons 
move  to  the  surfaces  of  Ti02  and,  in  consequence,  the  more 
electrons  participate  in  the  redox  reaction  of  water  or  organic 
substance.  In  addition  to  the  crystallite  size,  the  specific  surface 
area  of  TiC>2  and  the  dispersity  of  the  co-catalyst  (e.g.  Pt)  also 
influence  significantly  the  H2  evolution  efficiency  [25,27-29].  In 
the  present  experimental  conditions,  the  crystallinity  of  m-TiC>2 
was  improved  concomitantly  with  the  decrease  in  the  amorphous 
domains  upon  enhancing  the  hydrothermal  temperature,  which 
can  provide  more  active  sites  for  the  H2  production.  This  can 
explain  why  the  samples  derived  from  100  and  200  °C  show 
higher  H2  evolution  rates  than  those  derived  from  60  °C.  Once 
the  hydrothermal  temperature  is  higher  than  100  °C,  the  crystal¬ 
lite  sizes  are  much  larger  than  those  in  the  samples  derived  from 
100  °C  as  shown  in  Fig.  2.  It  is  not  beneficial  for  the  fabrication  of 
stable  mesostructures  of  m-TiC>2  with  large  specific  surface  area, 
which  can  lead  to  the  increase  in  the  transfer  time  of  the  photo¬ 
generated  carriers  in  m-TiC>2  and  the  recombination  probability, 
and  then  to  the  decrease  of  the  H2  production  rate.  Therefore, 
the  m-Ti02  nanoparticles  used  in  the  following  section  were 
prepared  from  hydrothermal  treatment  at  100  °C  [20]. 

3.2.  UV-vis  absorption  spectra  of  dyes 

The  firmly  bound  dyes  can  be  stabilized  near  the  TiC>2  sur¬ 
faces,  and  lead  to  a  fast  electron  injection  of  the  excited  state  dyes 
into  substrate  because  the  probability  of  this  process  depends  on 
the  overlap  of  the  wave  functions  of  the  donor  and  the  accep¬ 
tor  [11,30],  but  the  injected  electrons  in  the  conduction  bands 
of  TiC>2  also  possibly  backward  transfer  to  the  oxidized  dye 
molecules  due  to  its  tight  linkage  with  TiC>2  [30] .  Moreover,  it  is 
probable  that  the  thermal  reorientational  motion  of  the  loosely 
attached  dye  molecules  can  enhance  the  electron  transfer  [11]. 
On  the  basis  of  the  aforementioned  discussions  on  the  effect 
of  linkage  mode  between  the  dye  and  substrate  on  the  elec¬ 
tron  transfer,  we  thus  conjectured  that  the  dynamic  equilibrium 
between  the  linkage  of  dye  with  Ti02  and  the  divorce  of  the  oxi¬ 
dization  dye  from  the  surfaces  could  be  beneficial  for  injecting 
excited  electrons  into  Ti02  and  hindering  the  backward  trans¬ 
fer,  and  then  improve  the  light  quantum  efficiency.  Therefore, 
we  selected  three  types  of  dyes  as  described  above,  which  pos¬ 
sess  different  ligand  terminal  groups  and  can  be  linked  with 
TiC>2  through  different  modes,  to  compare  their  photosensitiza¬ 
tion.  Thereinto,  N7 19  can  be  firmly  linked  with  TiC>2  through  its 
carboxyl  group  [15],  while  the  other  dyes  do  not  have  terminal 
group  like  carboxyl  and  can  only  be  loosely  attached  to  TiC>2. 
The  binuclear  Ru  dye  is  also  selected  to  investigate  the  validity 
of  the  “antenna  effect”  of  dye  on  the  photocatalytic  H2  evolution 

m. 


Fig.  3.  UV-vis  absorption  spectra  of  the  three  ruthenium(II)  bipyridyl  complex 
dyes:  (a)  Ru2(bpy)4Li-PF6;  (b)  Ru(bpy)2(him)2-N03;  (c)  N719. 

Fig.  3  shows  the  UV-vis  spectra  of  three  Ru(II)  bipyridyl 
complexes  aqueous  solutions.  The  corresponding  maximum 
absorption  wavelengths  in  the  visible  light  region  for 
Ru2(bpy)4Li-PF6,  Ru(bpy)2(him)2-NC>3  and  N719  are  456, 
436  and  502  nm,  respectively.  The  binuclear  Ru2(bpy)4Li-PF6 
shows  the  broadest  absorption  band  in  the  visible  region  due 
to  its  large  molecular  area  and  delocalized  conjugation  system, 
although  its  maximum  absorption  wavelength  is  slightly  shorter 
than  that  of  N719  because  of  the  presence  of  carboxyl  groups. 
Moreover,  mononuclear  Ru(bpy)2(him)2-N03  also  possesses  a 
large  molecular  area  and  conjugation  system  as  indicated  in 
Fig.  1,  it  also  shows  a  broader  absorption  band  in  the  visible 
light  region  although  its  maximum  absorption  wavelength  is 
much  shorter  than  N719.  These  optical  physical  properties  of 
Ru(bpy)2(him)2-N03  and  Ru2(bpy)4Li-PF6  are  beneficial  for 
the  visible  light  absorption  and  the  electron  injection  of  excited 
state  dye  under  the  visible  light  irradiation  [7,11]. 

Ru(II)  bipyridyl  complexes  such  as  N719  and  N3  dyes  have 
been  studied  as  sensitizers  to  harvest  the  visible  light  in  the 
DSSCs  consisting  of  dye-sensitized  UO2  photoelectrode  and  an 
I3  /I  redox  couple  in  an  organic  solvent  [31,32].  The  results 
indicated  that  these  dyes  have  suitable  ground  states  (HOMO) 
and  excited  states  (LUMO)  for  the  efficient  electron  transfer. 
That  is,  electron  injection  from  an  excited  state  dye  to  the  con¬ 
duction  bands  of  UO2  occurs  efficiently  due  to  the  firm  linkage 
through  their  terminal  carboxyl  groups.  For  the  photocatalytic 
H2  production  over  the  present  Pt/m-Ti02  suspension,  however, 
the  solution  must  contain  some  sacrificial  electron  donors  due 
to  the  lack  of  I3 — /I—  shuttle  redox  mediator,  otherwise  Ru(II) 
dyes  might  be  decomposed  during  the  visible  light  irradiation. 
Therefore,  the  H2  evolution  rate  was  tested  in  water-methanol 
suspension  containing  the  dye-sensitized  Pt/m-TiC>2  in  the  fol¬ 
lowing  sections. 

3.3.  Effect  of  dye  sensitization  on  H2  evolution  over  the 
Pt/m-Ti02 

Primary  experimental  results  showed  that  there  was  no 
obvious  H2  production  over  the  as- synthesized  Pt/m-TiC>2 
with/without  dye  sensitization  under  the  visible  light  irradi- 
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Table  3 


Photocatalytic  H2  evolution  efficiency  over  the  dye-sensitized  Pt/m-TiC>2 
nanoparticles 


Dye-sensitized  ra-TiC>2 

300  °C  calcined 
(ixmolg-1  h-1) 

500  °C  calcined 
(ixmolg-1  h-1) 

Ru2(bpy)4Li-PF6 

1018.7 

974.1 

Ru(bpy)2(him)2-N03 

694.3 

675.1 

N719 

308.9 

242.3 

Without  sensitization 

0 

0 

Conditions:  distilled  water  80  ml,  methanol  20  ml,  dye- sensitized  1 .0  wt.%  Pt lm- 
TiC>2  40  mg,  irradiated  from  the  top  with  k  >  420  nm  visible  light,  and  irradiation 
time  1  h. 


ation  (A.>420nm).  It  indicated  that  the  band  gap  excitation 
did  not  occur  due  to  the  low  energy  of  visible  light.  For  the 
as- synthesized  m-Ti02,  its  semicrystallite  was  located  in  the 
amorphous  domains,  and  the  excited  state  electrons  of  dye 
cannot  efficiently  inject  into  the  semicrystallites  due  to  the 
obstruction  of  the  surrounding  amorphous  domain  and  the  large 
dye  molecular  structure,  which  result  in  no  obvious  photosensi¬ 
tization  on  the  Pt/m-Ti02.  Therefore,  we  focused  on  the  effects 
of  the  three  dyes  on  the  H2  evolution  over  the  Pt/m-TiC>2  after 
calcinations  at  300  and  500  °C.  The  porous  walls  of  m-Ti02 
nanoparticles  can  be  completely  crystallized  into  anatase  with 
limited  damage  and/or  collapse  of  the  mesostructures  after  cal¬ 
cinations  at  300  and  500  °C  as  shown  in  Table  1  and  our  previous 
investigations  [20,21]. 

Table  3  shows  the  photocatalytic  H2  evolution  rates  over  the 
calcined  Pt/m-TiC>2  loaded  with  different  dyes  under  the  visi¬ 
ble  light  irradiation  for  1  h.  All  dyes  used  here  show  obvious 
photosensitization  on  the  H2  evolution,  indicating  that  the  dyes 
can  be  efficiently  excited  and  the  excited  state  electrons  can  be 
injected  into  the  conduction  bands  of  m-TiC>2,  and  then  trans¬ 
ported  to  the  loaded  Pt  to  produce  H2.  The  H2  evolution  rate 
over  the  dye- sensitized  Pt/m-TiC>2  after  calcinations  increases 
according  to  N719<Ru(bpy)2(him)2-N03  <Ru2(bpy)4Li-PF6. 
For  the  Pt/m-Ti02  calcined  at  300  °C,  the  H2  evolution  rates  over 
Ru2(bpy)4Li-PF6  andRu(bpy)2(him)2-N03  sensitized  products 
are  about  3.30  and  2.18  times  as  that  of  N719  sensitized  sample, 
respectively.  Abe  et  al.  have  demonstrated  that  the  H2  evolu¬ 
tion  rate  decreased  with  reducing  the  energy  gap  between  the 
redox  potential  of  h~/l~  and  the  HOMO  levels  of  dye,  which 
can  depress  the  electron  transfer  efficiency  from  I-  to  dye  [14]. 
However,  this  difference  in  the  energy  gap  (between  redox  poten¬ 
tial  of  methanol  and  HOMO  levels  of  dye)  should  be  small  due 
to  their  similar  metal  centers  and  ligands  in  the  three  dyes,  indi¬ 
cating  that  the  suggestion  stated  above  cannot  apply  entirely  to 
the  present  case. 

As  shown  in  Figs.  1  and  3,  the  present  three  dyes  have  simi¬ 
lar  Ru(II)  centers  but  with  different  coordination  environments 
and  physicochemical  properties.  For  example,  N719  molecules 
have  carboxyl  groups,  which  can  be  tightly  linked  with  m- 
Ti02  [14-16],  while  Ru2(bpy)4Li-PF6  does  not  have  terminal 
group  like  carboxyl  and  can  only  be  loosely  attached  to  TiC>2 
through  oxygen  bridge  bonds  derived  from  the  reaction  of  sur¬ 
face  hydroxyl  of  TiC>2  and  the  four  oxygen  atoms  with  the 
delocalized  tt  bond  from  the  azo-benzene  carboxylic  spacer  (L). 


Similarly,  Ru(bpy)2(him)2-N03  can  only  be  loosely  attached 
to  TiC>2  through  hydrogen  bonds  from  the  un-coordinated  N 
atom  in  imidazoles  and  the  surface  hydroxyl  of  TiC>2.  More¬ 
over,  Ru2(bpy)4Li-PF6  and  Ru(bpy)2(him)2-N03  possess  large 
conjugated  systems  and  molecular  areas,  which  result  in  much 
broader  absorption  bands  in  the  visible  region  than  N719.  We 
thus  presumed  that  the  differences  in  the  photo  sensitization 
among  the  three  dyes  could  be  attributed  to  their  different  coor¬ 
dination  circumstances  and  physicochemical  properties  which 
can  influence  the  interaction  between  TiC>2  and  dye,  the  visible 
light  absorption  and  electron  transfer,  and  then  the  H2  evolution 
[10-13]. 

On  one  hand,  the  highest  H2  evolution  efficiency  over 
the  Ru2(bpy)4Li-PF6  sensitized  Pt/m-Ti02  can  be  ascribed 
to  the  more  effective  visible  light  harvesting  and  electron 
transfer  [8-13].  First,  the  excited  state  electrons  of  this 
dye  can  be  transferred  through  two  ways,  MLCT  (metal-to- 
ligand)  and  MMCT  (metal-to-metal),  while  the  mononuclear 
Ru(II)  dyes  (Ru(bpy)2(him)2-N03  and  N719)  conduct  a  sin¬ 
gle  electron  transfer  way  (MLCT).  Namely,  the  electron 
transportations  also  take  place  between  the  two  Ru  centers 
connected  by  the  delocalized  conjugated  system.  Amadelli  et 
al.  have  reported  that  two  Ru(bpy)2(CN)2 -units  in  a  trinuclear 
dye  [(Ru(bpy)2(CN)2)2Ru(dcbpy)2]  absorbed  light  energy  and 
transported  to  the  other  Ru(dcbpy)2-unit  connected  with  TiC>2 
through  tight  chemical  bonds  [7].  This  outside  Ru(bpy)2(CN)2- 
units  played  a  role  of  antenna  and  IPCE  was  more  than  80%. 
According  to  this  view,  “antenna  effect”  must  exist  in  the 
Ru2(bpy)4Li-PF6  sensitized  Pt/m-Ti02  system,  which  is  benefi¬ 
cial  for  the  visible  light  absorption.  Secondly,  one  Ru(bpy)2-unit 
in  this  dye  can  first  absorb  the  visible  light  and  transport  it 
to  the  other  Ru(bpy)2-unit  (MMCT)  through  the  azo-benzene 
carboxylic  spacer,  and  then  the  excited  state  electrons  can 
be  effectively  transferred  to  the  conduction  bands  of  m-TiC>2 
through  the  oxygen  bridge  bonds  between  this  dye  molecules 
and  m-Ti02.  Finally,  the  other  Ru(bpy)2-unit  directly  linked 
with  m-Ti02  can  also  harvest  the  visible  light  and  transfer  the 
excited  electrons  to  m-TiC>2  (MLCT).  This  synergetic  effect  of 
above  two  ways  accelerates  the  visible  light  harvesting  and  the 
electron  transfer  between  Ru2(bpy)4Li-PF6  and  m-TiC>2. 

On  the  other  hand,  N7 19  should  theoretically  show  much  bet¬ 
ter  photosensitization  than  the  other  two  dyes  due  to  its  smaller 
molecular  area  and  the  much  strong  chemical  fixation,  which  is 
beneficial  for  the  adsorption  of  dye  and  the  electron  injection. 
However,  N719  shows  the  lowest  photosensitizing  effect  on  the 
Pt/m-Ti02  among  the  three  dyes  tested.  These  can  be  attributed 
to  the  following  factors.  First,  the  calcined  m-Ti02  still  pos¬ 
sesses  comparatively  high  surface  area  and  porosity  as  shown  in 
Table  1 ,  the  adsorption  amount  of  dye  is  not  the  key  factor  on  the 
visible  light  harvesting.  Whereas  the  large  conjugated  systems 
and  molecular  areas  of  Ru2(bpy)4Li-PF6  and  Ru(bpy)2(him)2- 
NO3  feature  in  the  visible  light  harvesting  and  electron  injection. 
As  for  the  binuclear  Ru(II)  dye,  its  “antenna  effect”  dominates 
in  comparison  with  the  adsorption  amount  of  dye  molecules. 
Secondly,  N719  was  tightly  linked  to  TiC>2  through  the  carboxyl 
group  and  its  six  atoms  of  the  pyridine  ring  on  one  plane,  there¬ 
fore  the  injected  electrons  can  also  be  backward  transferred  to 


T.  Peng  et  al.  /  Journal  of  Power  Sources  180  (2008)  498-505 


503 


the  oxidized  dye  molecules  [30].  Namely,  N719  has  a  higher  pos¬ 
sibility  of  the  recombination  reaction  during  the  photochemical 
reaction.  Whereas  this  electron  backward  transfer  and  recombi¬ 
nation  can  be  hindered  due  to  the  loose  linkage  between  the  other 
two  dyes  and  m-Ti02,  because  the  coordination  circumstances 
of  Ru  centers  need  to  change  in  order  to  meet  with  the  change 
in  the  valence  state  after  the  electrons  injected  into  T1O2.  This 
likely  means  the  change  in  the  linkage  mode  and  the  divorce  of 
the  oxidized  dyes  from  TiC>2.  Anyway,  those  loose  interactions 
such  as  oxygen  bridges  and  hydrogen  bonds  might  act  as  the  car¬ 
boxyl  linkage  between  N719  and  TiC>2  to  promote  the  electron 
injection,  and  the  oxidized  dye  molecules  can  divorce  timely 
from  TiC>2  to  avoid  the  backward  transfer,  which  results  in  more 
effective  light  harvesting  and  higher  quantum  efficiency. 

It  seems  reasonable  to  conclude  that  the  H2  evolution  effi¬ 
ciency  is  related  not  only  to  the  linkage  modes  between  the 
dyes  and  TiC>2,  but  also  to  the  coordination  circumstances  and 
physicochemical  properties  of  Ru(II)  dyes,  which  affect  the  vis¬ 
ible  light  harvesting  and  the  electron  transfer  efficiency.  The 
dynamic  equilibrium  between  the  linkage  of  the  ground  state 
dye  with  TiC>2  and  the  divorce  of  the  oxidized  dye  from  the 
surfaces  seems  to  be  beneficial  for  injecting  the  excited  state 
electrons  into  TiC>2  and  hindering  the  injected  electrons  back¬ 
ward  transfer  to  the  oxidized  dye,  which  can  improve  the  light 
quantum  efficiency  and  H2  evolution  efficiency. 

3.4.  Effect  of  calcination  temperature  on  the  H2  evolution 
over  dye-sensitized  Pt/m-Ti02 

To  study  the  reproducibility  of  the  H2  production  over  the 
dye-sensitized  Pt/ra-Ti02  after  calcination  at  different  temper¬ 
atures,  we  have  measured  the  H2  evolution  rate  every  1  h  of 
visible  light  irradiation,  in  which  the  next  portion  of  methanol 
(10  ml)  was  added  into  the  same  suspension.  Fig.  4  shows  the 
time  course  of  H2  evolution  over  the  dye- sensitized  Pt/m-TiC>2 
after  calcinations  at  300  and  500  °C.  As  can  be  seen,  the  H2 
evolution  rate  decreases  upon  enhancing  the  calcination  tem¬ 
perature  from  300  to  500  °C.  The  m-TiC>2  calcined  at  300  °C 


Fig.  4.  Time  courses  of  the  photocatalytic  H2  production  over  the  dye-sensitized 
Pt/m-TiC>2  nanoparticles. 


possesses  comparatively  higher  specific  surface  area,  smaller 
nanocrystallite  located  in  the  well-defined  mesoporous  domains 
than  the  product  calcined  at  500  °C  [20,21].  These  characteris¬ 
tics  in  microstructures  of  m-Ti02  calcined  at  300  °C  mean  more 
effective  and  faster  charge  transfer  as  well  as  uniform  dispersion 
of  the  co-catalysts  (Pt)  and  dye  molecules,  which,  in  turn,  lead 
to  a  higher  H2  evolution  efficiency  in  comparison  with  the  prod¬ 
uct  calcined  at  500  °C.  As  for  the  m-TiC>2  calcined  at  500  °C, 
Ru2(bpy)4Li-PF6  still  shows  a  better  photosensitization  than 
Ru(bpy)2(him)2-N03  and  N719. 

With  enhancing  the  calcination  temperature  from  300 
to  500  °C,  the  decreasing  trend  in  H2  evolution  over 
the  m-TiC>2  increases  according  to  N719<Ru(bpy)2(him)2- 
NO3  <Ru2(bpy)4Li-PF6  after  3h  irradiation.  The  higher 
durability  of  N719  can  be  ascribed  to  its  tight  linkage  with 
TiC>2  though  it  still  shows  a  far  lower  H2  evolution  rate.  Previ¬ 
ous  results  demonstrated  that  the  tightly  fixed  dye  is  beneficial 
for  the  improvement  in  the  stability  and  reproducibility  of  the 
dye- sensitized  TiC>2  [11,13-16].  For  example,  Abe  et  al.  have 
reported  eosin  Y-fixed  TiC>2  using  a  silane-coupling  reagent 
[13],  and  found  that  the  H2  evolution  reproduced  even  after  the 
exchange  of  TEOA  aq.,  while  the  H2  evolution  from  the  mixture 
of  eosin  Y  and  Pt/TiC>2  ceased  in  10  h.  Osa  and  Fujihira  have  also 
reported  a  photoelectronchemical  cell  consisted  of  rhodamine  B 
and  TiC>2  electrode,  in  which  the  dye  was  chemically  fixed  via 
amide  bonding  on  semiconductor  surfaces  using  silane-coupling 
reagent  [33].  Those  fixation  methods  via  chemical  bonding  are 
more  suitable  for  dye- sensitized  photocatalyst  used  in  aqueous 
solutions,  because  it  is  more  resistant  to  oxidization  of  the  dyes 
in  water.  However,  all  Ru2(bpy)4Li-PF6  and  Ru(bpy)2(him)2- 
NO3  sensitized  samples  exhibit  more  steady  and  higher  increase 
in  the  H2  evolution  upon  prolonging  the  irradiation  time  from 
0  to  5h,  while  the  H2  evolution  rate  for  the  N719  sensitized 
Pt/m-Ti02  almost  remain  unchangeable  after  3  h  irradiation  as 
shown  in  Fig.  4.  Moreover,  at  all  tested  irradiation  periods,  the 
H2  evolution  rates  over  Ru2(bpy)4Li-PF6  and  Ru(bpy)2(him)2- 
NO3  sensitized  Pt/m-Ti02  are  much  higher  than  that  over  N719 
sensitized  one.  Namely,  the  tightly  bound  N719  possesses  sev¬ 
eral  advantages  such  as  durability  and  less  influence  of  pH, 
but  it  shows  the  worst  photosensitization  in  comparison  with 
the  loosely  linked  Ru2(bpy)4Li-PF6  and  Ru(bpy)2(him)2-N03 
in  the  present  case.  This  more  steady  and  higher  increase  in 
H2  evolution  for  Ru2(bpy)4Li-PF6  and  Ru(bpy)2(him)2-N03 
sensitized  Pt/m-TiC>2  can  be  ascribed  to  their  stable  chemical 
structures,  the  lower  risk  of  the  backward  electron  transfer  and/or 
even  the  photodegradation  due  to  their  oxidized  dye  molecules 
can  be  timely  disengaged  from  the  nanoparticles  as  described 
above. 

The  differences  in  photosensitization  can  also  be  ascribed  to 
the  H2  production  mechanism  among  the  three  dyes  sensitized 
products.  In  the  case  of  Ru2(bpy)4Li-PF6  and  Ru(bpy)2(him)2- 
NO3,  the  dye  molecules  just  are  loosely  linked  with  TiC>2,  which 
provides  an  opportunity  of  H2  production  caused  by  the  direct 
electron  transfer  from  the  excited  state  dye  to  Pt  metal  in  addi¬ 
tion  to  the  electron  transfer  through  oxygen  bridges  or  hydrogen 
bonds  to  TiC>2  and  then  to  Pt  metal  [13].  For  example,  H2  evo¬ 
lutions  proceed  in  the  presence  of  dye,  TEOA  and  colloidal  Pt, 
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(a)  (b)  (c) 


Fig.  5.  Photoinduced  electron  transfer  cycle  in  the  three  types  of  dyes  sensitized  Pt/ra-Ti02  nanoparticles. 


because  of  the  high  reducing  power  and  long-lived  nature  of 
the  semi-reduced  dye  [13].  However,  in  the  N719  sensitized 
product  through  the  tight  linkage,  the  electron  transfer  mainly 
takes  place  through  the  conduction  bands  of  T1O2  and  then  to  Pt 
[14-16].  Therefore,  we  can  think  that  the  durability  and  repro¬ 
ducibility  of  H2  production  over  the  dye-sensitized  Pt/m-Ti02 
are  related  not  only  to  the  linkage  mode  between  the  dye  and 
semiconductor  surface,  but  also  to  the  photochemical  behavior 
in  the  present  case,  which  will  be  further  discussed  in  the  next 
section. 

3.5.  Discussion  on  the  photochemical  behavior  in  the 
dye- sensitized  Pt/m-Ti02  suspension 

The  photocatalytic  H2  evolution  observed  from  the 
dye- sensitized  Pt/ra-Ti02  suspension  indicated  that  the  pho¬ 
toelectron  injection  did  occur  in  the  present  system.  The 
mononuclear  and  binuclear  Ru  dyes  are  expected  to  adsorb  on 
the  surfaces  of  ra-Ti02  in  comparable  amounts  due  to  their 
similar  coordination  centers  and  ligands.  Therefore,  the  dis¬ 
cussions  on  the  photoinduced  electron  transfer  cycle  in  the 
dye- sensitized  m-TiC>2  suspension  system  are  beneficial  for 
understanding  the  different  photosensitization  among  the  three 
dyes.  As  described  above,  the  tightly  linked  N719  would  be  sta¬ 
bilized  near  the  surface  of  m-TiC>2.  This  stabilization  would  be 
larger  in  the  ground  state  than  that  in  the  excited  state  because 
the  adsorbed  molecules  in  the  ground  state  locate  the  position  of 
minimum  energy  on  the  surface  [11].  However,  our  experimen¬ 
tal  results  show  that  N719  gives  the  lowest  photosensitization 
on  the  present  m-Ti02  in  comparison  with  Ru2(bpy)4Li-PF6 
and  Ru(bpy)2(him)2-N03.  Therefore,  it  is  reasonable  to  con¬ 
clude  that  there  exists  different  electron  transfer  mechanism 
between  the  tightly  bound  dye  and  loosely  attached  dyes.  A 
schematic  representation  of  the  electron  transfer  processes  that 
take  place  in  the  dye- sensitized  ra-Ti02  suspension  is  shown  in 
Fig.  5. 

As  mentioned  above,  for  the  firmly  bound  N719  sensitized 
m-TiC>2,  the  injected  electron  in  TiC>2  can  be  also  back¬ 
ward  transferred  to  the  oxidized  dye  as  shown  in  Fig.  5a 
[7,11,30],  which  result  in  reducing  the  quantum  efficiency. 


While  Ru2(bpy)4Li-PF6  and  Ru(bpy)2(him)2-N03  are  loosely 
attached  to  TiC>2  through  the  oxygen  bridge  and  hydrogen  bond 
as  shown  in  Fig.  5b  and  c,  respectively.  Those  loose  linkages 
are  beneficial  for  the  electron  injection  of  the  excited  state  dyes 
into  TiC>2,  in  the  meanwhile,  the  electron  backward  transfer  can 
be  effectively  hindered  due  to  the  divorce  of  the  oxidized  dyes 
from  the  TiC>2  surfaces  as  described  in  Section  3.3.  Namely,  an 
electron  of  dye  is  injected  into  the  TiC>2  by  excited  state  MLCT, 
and  immediately  the  oxidized  dye  is  disengaged  from  the  TiC>2, 
then  the  ground  state  dye  is  regenerated  by  electron  transfer  from 
methanol  and  links  with  m-TiC>2  again  to  conduct  a  new  cycle. 
On  the  basis  of  aforementioned  discussions,  the  photochemi¬ 
cal  behavior  and  electron  transfer  cycle  in  Ru2(bpy)4Li-PF6  or 
Ru(bpy)2(him)2-N03  sensitized  Ti02  can  be  induced  as  follows: 
dyes  fixation  through  loose  linkage  (oxygen  bridge  or  hydrogen 
bond)  — >►  dye  excitation  (hv)  — >  electron  transfer  (MLCT  and/or 
MMCT)  electron  injection  (directly  to  Pt  and/or  through 
TiC>2)  — >  divorce  of  oxidized  dye  from  m-TiC>2  (valence  state 
change  and  coordination  effect)  — >►  regeneration  (obtain  electron 
from  methanol)  — >  re-fixation  to  m-TiC>2. 

The  dynamic  equilibrium  between  the  linkage  of  the  ground 
state  dye  molecules  with  TiC>2  and  the  divorce  of  the  oxidized 
dye  molecules  from  the  surfaces  seems  to  hinder  the  injected 
electrons  backward  transfer  to  the  oxidized  dye  and  improves 
the  electron  injection  and  light  quantum  efficiency.  Whereas  the 
tightly  linked  N719  is  difficult  to  leave  from  TiC>2,  which  lead 
to  the  electron  backward  transfer  as  shown  in  Fig.  5a.  Further¬ 
more,  the  H2  evolution  rate  over  the  N719  sensitized  Pt/m-TiC>2 
remaining  unchangeable  after  3h  irradiation  as  illustrated  in 
Fig.  4  also  implies  the  equilibration  process  between  the  elec¬ 
tron  injection  and  the  backward  transfer,  whereas  the  other  two 
dyes  can  establish  the  dynamic  equilibrium  between  the  linkage 
and  divorce,  which  retards  the  backward  transfer  and,  therefore, 
behave  as  a  steady  increase  in  H2  evolution  upon  prolonging  the 
irradiation  time. 

The  present  improved  sensitizers,  i.e.,  Ru(bpy)2(him)2-N03 
and  Ru2(bpy)4Li-PF6,  have  pronounced  higher  H2  evolution 
efficiency  and  preferable  durability.  The  best  photosensitiza¬ 
tion  of  Ru2(bpy)4Li-PF6  is  a  demonstration  of  the  operation 
of  the  “antenna  effect”  in  the  m-TiC>2  sensitization  process.  It 
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indicates  that  the  conversion  efficiency  of  absorbed  light  to  H2 
is  constant  throughout  the  spectrum  regardless  of  whether  the 
incident  light  is  absorbed  by  the  linked  unit  or  by  the  terminal 
ones.  Namely,  the  light  absorbed  by  the  peripheral  unit  is  effi¬ 
ciently  transferred  to  the  linked  one,  where  it  is  used  for  the 
electron  injection.  The  specific  feature  of  the  antenna-sensitizer 
is  that,  in  addition  to  the  visible  light  absorption  by  the  sen¬ 
sitizer  fragment,  the  high  absorption  of  the  antenna  fragments 
can  also  be  utilized  for  light  harvesting  and  sensitization,  which 
can  be  transferred  through  the  MMCT  [7].  Apparently,  these 
results  suggested  interesting  possibilities  for  the  preparation  of 
more  efficient  complex  dyes  with  better  durability,  and  effective 
dynamic  equilibrium  between  the  linkage  of  ground  state  dye 
and  divorce  of  the  oxidized  dye  is  helpful  to  hinder  the  backward 
transfer  and  improve  the  quantum  efficiency.  This  approach  to 
the  design  of  a  dye- sensitized  photocatalyst  for  H2  production 
is  both  theoretically  sound  and  practically  effective.  Research  in 
this  area  is  currently  in  progress. 

4.  Conclusions 

This  work  shows  that  efficient  H2  production  over  the  dye- 
sensitized  Pt/m-Ti02  nanoparticles  suspension  proceeded  under 
visible  light  irradiation  by  using  methanol  as  electron  donors. 
The  studied  three  types  of  Ru(II)  bipyridyl  complexes,  which 
were  attached  to  the  Pt/m-Ti02  through  different  linkage  modes, 
show  different  photosensitization.  N719  tightly  bound  to  m- 
Ti02  has  better  durability  against  photodeterioration  but  the 
lowest  H2  evolution  efficiency,  whereas  the  loosely  attached 
Ru(bpy)2(him)2-N03  and  Ru2(bpy)4Li-PF6  have  pronounced 
higher  H2  evolution  and  preferable  durability.  The  dynamic 
equilibrium  between  the  linkage  of  the  ground  state  dye  and 
divorce  of  the  oxidized  dye  seems  to  play  a  crucial  role  in  the 
photochemical  behavior  in  the  dye- sensitized  Pt/m-Ti02  suspen¬ 
sion,  which  can  promote  the  electron  injection  and  hinder  the 
backward  transfer,  and  then,  improve  the  H2  evolution  efficiency. 

The  more  steady  and  higher  increase  in  H2  evolution 
for  Ru2(bpy)4Li-PF6  sensitized  Pt/m-Ti02  indicates  that  the 
“antenna  effect”  and  the  oxygen  bridge  linking  with  TiC>2  of  this 
dye  can  enhance  the  visible  light  harvesting,  electron  injection 
efficiency,  and  then  improve  the  photocatalytic  H2  evolution. 
These  results  suggested  that  it  is  possible  to  prepare  more  effi¬ 
cient  complex  dyes.  These  dyes  can  couple  both  the  functions 
of  a  sensitizer  which  can  be  linked  with  the  surface  of  TiC>2 
to  inject  the  photoelectron,  and  an  antenna  to  realize  the  intra¬ 
molecular  energy  transfer  from  highly  absorbing  chromophoric 
groups  by  tuning  the  molecular  components.  The  use  of  above 
antenna- sensitizer  may  constitute  a  viable  strategy  to  overcome 
problems  of  light  harvesting  efficiency  for  the  H2  evolution  in 
the  sensitization  of  wide-band  gap  semiconductors.  Moreover, 
the  effect  of  the  linkage  mode  between  the  dye  molecules  and 
photocatalysts  must  be  taken  into  account  in  constructing  an 
effective  dye- sensitized  photocatalyst  for  H2  production. 
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